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The bulk  of t h e  a c t i v i t y  i n  the p a s t  two quarters has  been devoted 
t o  w r i t i n g  a review a r t i c l e  on SCC of titanium a l l o y s .  Some new exper iments  
were conducted t o  f i l l  i n  gaps  i n  i n f o r m a t i o n .  Ve loc i ty  of c r a c k i n g  i n  
region I T  varies a s  the 1 / 4  t o  1 / 2  power of h a l i d e  ion c o n c e n t r a t i o n  a t  
high c o n c e n t r a t i o n s  i n  both water and methanol .  An approximately  l i n e a r  
r e l a t i o n  of v e l o c i t y  t o  p o t e n t i a l  was also observed for Ti:8-1-1 i n  a 
methanol s o l u t i o n  of LiCl  and f o r  three o t h e r  a l l o y s  i n  aqueous s o l u t i o n .  
New velocity versus stress i n t e n s i t y  f a c t o r  d a t a  were ob ta ined  f o r  
Ti-8x11, Ti-11.5Mo-6Zr-4.5Sn, Ti-8Mo-8V-3Al-ZFe, and Ti-13V-11Cr-3rU a l l o y s .  
C a l c u l a t i o n s  w e r e  made of T i c 1  c o n c e n t r a t i o n  i n  a propaga t ing  crack based on 3 
k i n e t i c s  d a t a  f o r  for inat ion ~ 1 ~ '  a t  f reahly  generated titanium su r f  aces. 
2.0 INTRODUCTION 
This r e p o r t  d e s c r i b e s  p a r t  of a study of stress c o r r o s i o n  
c r a c k i n g  of t i t a n i u m  a l l o y s  i n i t i a t e d  i n  J u l y  I965  (1) and contfnued 
under NASA sponsorsh ip  beg inn ing  July, 1966 ( 2 ) .  T h i s  is the e i g h t e e n t h  
Q u a r t e r l y  Report i n  t h e  s e r i e s  (3,  4 ,  5 ,  6 ,  7 ,  8 ,  9 ,  1 0 ,  11, 1 2 ,  13,  1 4 ,  
1 5 ,  1 6 ,  1 7 ,  1 8 ,  19)  and covers the six-mont5 p e r i o d  of July 1, through 
December 31, 1970. A s h o r t  letter report (19) d e s c r i b e d  work i n  p r o g r e s s  
i n  the per iod of July 1, through September 30,  b u t  d i d  n o t  p r e s e n t  
d e t a i l e d  r e s u l t s .  
A c o n s i d e r a b l e  amount of t i m e  and e f f o r t  was devoted d n r i n g  t h e  
p a s t  y e a r  t o  w r i t i n g  a review a r t i c l e  on stress c o r r o s i o n  cracking of 
titanium which was submi t t ed  t o  Volume 2 of Advances i n  Corrosion Sc ience  
and Technology edited by Fontana and S t a e h l e .  A s h o r t e r  v e r s i o n  d i r e c t e d  
t o  the des ign  e n g i n e e r  will be  submi t t ed  t o  t h e  ARPA SCC program f i n a l  
report. Some exper iments  on SCC of t i t a n i u m  conducted d u r i n g  t h i s  t f m e  t o  
f i l l  i n  obvious gaps  i n  information are p r e s e n t e d  h e r e .  Calculations of 
concentration of T i c 1  in a crack are a l s o  p r e s e n t e d  here. 3 
3,O TECHNICAL DISCUSSION 
3.1 SCC i n  Aqueous S o l u t i o n s  
Ef fec t  of Concen t ra t ion  
- 
I n c r e a s i n g  t h e  c o n c e n t r a t i o n  o f  CL-,  ~ r - ,  o r  I usual!y i n c r e a s e s  
the v e l o c i t y  of c r a c k i n g .  The i n f l u e n c e  o f  c o n c e n t r a t i o n  on K 1 SCC i s  
more complex s i n c e  i t  i s  dependent  upon t h e  a l l o y  and i t s  h e a t  t r e a t m e n t .  
F i g .  1 shows some new d a t a  f o r  Ti-11.5Wo-6Zr-4.5Sn a l l o y .  
In  high-molar i ty  s o l u t i o n s  t h e  v e l o c i t y  of c r a c k i n g  v a r i o u s  as C I/ 4 
t o  c ' '~ (ti, 1 6 )  end t h i s  exponent i s  independent of a l l o y  t y p e ,  h e a t  
t r e a t m e n t ,  and f r a c t u r e  mode. The p o s i t i o n  and e x t e n t  of t h i s  r e l a t i o n s h i p ,  
however,  a re  dependent  on such v a r i a b l e s .  In lower  m o l a r i t y  s o l u t i o n s  the 
r e l a t i o n s h i p  between crack v e l o c i t y  and c o n c e n t r a t i o n  i s  sore complicated.  
Y e t  a g a i n  t h e r e  i s  a  s t r o n g  i n f l u e n c e  of a l l o y  composi t ion h e a t  t r e a t m e n t .  
F i g .  Za summarizes s c h e m a t i c a l l y  t h e  v e l o c i t y  dependence i n  low-molarity 
s o l u t i o n s .  Highly s u s c e p t i b l e  m a t e r i a l  (curve A) shows a v e l o c i t y  p l a t e a u .  
M a t e r i a l  with i n t e r m e d i a t e  s u s c e p t i b i l i t y  (curve B) e x h i b i t s  downward d e v i a t i o n s  
of v e l o c i t y  a t  v e r y  low i o n  c o n c e n t r a t i o n s ;  m a t e r i a l  wi th  r e l a t i v e l y  low 
s u s c e p t i b i l i t y  (curve  C) i s  immune i n  d i s t i l l e d  water and t h e r e f o r e  a discon-  
tinuity i s  observed i n  the c o n c e n t r a t i o n  dependence.  T h i s  behav ior  w i l l  a l s o  
be r e f l e c t e d  i n  the v a r i a t i o n  o f  K 1 ~ ~ ~  with  c o n c e n t r a t i o n ,  as shown 
s c h e m a t i c a l l y  i n  F i g .  2b. 






















neutral aqueous solutions for Ti-11.5i4o-6Zr-4.5Sn. 
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F i g .  2 Schematic representa t ions  of the inf luence  of halide ion 
concentrat ion and metallurgical factors on (a) crack 
v e l o c i t y  and (b) K lSCC 
The v a r i a t i o n  of i n i t i a t i o n  load ( In  notched specimens) f o r  s t r e s s -  
c o r r o s i o n  c r a c k i n g  i n  0.6f.l s o l u t i o n s  wi th  p o t e n t i a l  f o r  duplex-annealed 
Ti-8Al-lbio-1V has been shown p r e v i o u s l y  ( 1 ) .  I n i t i a t i o n  stress or  i n i t i a t i o n  
K v a r i e s  i n  a s i m i l a r  manner i n  t h e  a l l o y s  Ti-8Xn, T i - 1 3 V - 1 1 C r - 3 A 1 ,  and 
Ti-11.5Mo-6Zr-4.5Sn as shorm i n  Fig. 3 .  
An approximately  l i n e a r  r e l a t i o n s h i p  between p o t e n t i a l  and average 
- - 
c r a c k  v e l o c i t y  f o r  Ti-8-1-1 h a s  p r e v i o u s l y  been shown (1) i n  C 1  , I , and 
~ r -  , c o n t a i n i n g  s o l u t i o n s .  A s imilar  l i n e a r  r e l a t i o n s h i p  has been found 
f o r  Ti-BMn, Ti-1 3V-11Cr-3A1, and Ti-1 1.5110-GZr-4.5Sn i n  ch lo r ide  s o l u t i o n s  
as observed i n  Fig. 4 .  The s l o p e  of t h e  x e l a t i o n s h i p  is  n o t  c o n s t a n t  , but 
varies with  the a l l o y  con ten t  and i t s  h e a t  t r e a t m e n t .  
3 .2  SCC i n  Methanol S o l u t i o n s  
Ef fec t  of Concen t ra t ions  
An example o f  t h e  c o n c e n t r a t i o n  dependence of the v e l o c i t y  of reg ion  I1 
c r a c k i n g  i n  methano l ic  s o l u t i o n s  c o n t a i n i n g  halide i o n s  is s h a m  f o r  
Ti-881-1Mo-1V in F i g .  5.  It c a n  b e  seen t h a t  the dependence i s  r a t h e r  
s i m i l a r  t o  t h a t  observed fo r  Ti-8Al-1Tvlo-1V i n  aqueous s o l u t i o n s  b u t  is 
somerdzat displaced t o  lower v e l o c i t i e s .  I n  the more c o n c e n t r a t e d  s o l u t i o n s  
a C t o  c ~ ' ~  r e l a t i o n s h i p  i s  again obszrved.  
E f f e c t  of P o t e n t i a l  
The e f f e c t  o f  a p p l i e d  p o t e n t i a l  on r e g i o n  11 growth i n  a s o l u t i o n  of 
methanol  f 0.6 M LiCl i s  shor~n  f o r  Ti-8Al-lMo-lV, i n  Fig. 6 .  It i s  apparen t  
t h a t  t h e  reg ion  II v e l o c i t y  i n c r e a s e s  l i n e a r l y  w i t h  potential up t o  the 
p i t t i n g  p o t e n t i a l .  Sint i lar  r e s u l t s  were obtained by Hiclcman et a l ,  (20), a l s o  
for 'Ti-BAl-lMo-1V, i n  a s o l u t i o n  o f  methafial + 0.1 N N a  U 1  + 0 . 3 %  B20. 
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Fig. 3 Variation of crack i n i t i a t i o n  l o a d  o r  K 1SCC with a p p l i e d  
po ren t l a l  in 0.6M h a l i d e  solutions f o r  Ti-l1.5Mo-6Zr-4.5Sn, T i -8hh ,  
and Ti-13V-11Cr-3AI 
POTENTIAL (mV1 
Fig. 4 R e i ~ t i o n  of crack v e l o c i t y  to a p p l i e d  potenrial in O.6M 
h a l i d e  s o l u t i o n s  for Ti-8Mn, Ti-13V-11Cr-3A1,  and Ti-11.5b10-6Zr-4.5Sn 
(crack veloci ty  a t  c o n s t s n t  K) . 
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FSg. 5 Variation of  crack ve loc i ty  w i t h  molarity of halide ions i n  
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Pig. 6 Variation of crack velocity (V ) with p o t e n t i a l  In methanol- I I 
lithium-chloride solutions for Ti-8Al-1Mo-1V 
(Limited r e s u l t s  i nd ica te  t h a t ,  f o r  a  s p e c i f i c  K l e v e l ,  the  v e l o c i t y  of 
region 1 type c r a c k i n g  i s  a l s o  a c c e l e r a t e d  by anod ic  p o t e n t i a l s . )  
3 . 3  SCC i n  Halogenated Organfc Solvents  
V ve rsus  K r e l a t i o n s h i p s  have been e s t a b l i s h e d  f o r  TI-8A1-1Mo-1V ( 1 6 ) .  
These r e s u l t s  show that :  (1) t h e  r e g i o n  11 c r a c k i n g  r a t e  i n  p u r e  C C 1  i s  4 
almost two o r d e r s  o f  magnitude faster than i n  p u r e  methanol and a lmost  an 
o r d e r  of  magnitude f a s t e r  t h a n  i n  d i s t i l l e d  w a t e r ;  and ( 2 )  the apparen t  
region I type growth does not continue below cmlsec and thus a K lSCC 
can be def ined  £01: Ti-.8Al-lMo-lV i n  t h i s  environment.  It shou ld  be  noted 
t h a t  the KISCC value of t h i s  alloy i n  C C 1  i s  s i m i l a r  t o  t h e  v a l u e  observed i n  4 
3.5% N a C l  s o l u t i o n .  
Fig.  7 i l l u s t r a t e s  the V v e r s u s  K r e l a t i o n s h i p s  f o r  Ti-8Al-1Mo-1V 
tested in CC3 d r i e d  over  ' l d r i e r i t e , "  and i n  C C 1  s a t u r a t e d  with water 4 4 
( ~ 0 . 5 %  H20). It has n o t  been e s t a b l i s h e d  whether a d d i t i o n s  of  water t o  C C 1  4 
w i l l  prevent c r a c k i n g  i n  a l l o y s  n o t  s u s c e p t i b l e  t o  SCC i n  d i s t i l l e d  wa te r .  
A s m a l l  number of t e s t s  i n d i c a t e  t h a t  i n c r e a s e s  i n  temperature  a c c e l e r a t e  
c r a c k i n g  i n  p u r e  CCl y i e l d i n g  a n  apparen t  a c t i v a t i o n  energy of Q = 5 kcal/mole. 4 
Ti-8A1-IMo-1V i s  t h e  o n l y  a l l o y  thus  f a r  shown t o  e x h i b i t  SCC i n  
anhydrous CHZC12 (4 ) .  A V versus K p l o t  is  shown i n  F i g .  7 .  This  o r g a n i c  
solvent  produces slightly s l o w e r  r a t e s  of c r a c k i n g  t h a n  CC1 The s o l u b i l i t y  of 4 ' 
water i n  CH C1 i s  rather low, b u t  a s a t u r a t e d  s o l u t i o n  reduces  t h e  r e g i o n  I1 2 2 
velocity by approx imate ly  an o r d e r  of magni tude .  
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3.4 SCC of Other Titanium Alloys  
Binary Alloys 
The k i n e t i c s  of c r a c k i n g  i n  Ti-8Mn can be  s e e n  i n  t he  V ve rus  K 
c u r v e s  shown i n  Fig. 8 f o r  t h e  aging tempera tu res  600°C and 700°C and t h e  
mil l -annealed c o n d i t i o n .  Region I1 p l a t e a u s  can be observed f o r  a l l  h e a t  
t r e a t m e n t s .  It is i n t e r e s t i n g  t o  n o t e  t h a t  the 600°C rg ing  t rea tment  
p roduces  a h igher  v e l o c i t y  of c r a c k i n g  and a h igher  K 1 SCC t h a n  t h e  700°C 
a g i n g  t r e a t m e n t .  The lower K lSCC v a l u e  i n  t h e  l a t t e r  t r e a t m e n t  i s  probably  
due t o  t h e  l o v e r  volume f r a c t i o n  of the a lpha  phase .  In  c o n t r a s t ,  t h e  
h i g h e r  v e l o c i t i e s  i n  the 600°F a g i n g  t rea tment  can  be attributed t o  t h e  
h igher  manganese c o n t e n t  of t h e  s u s c e p t i b l e  beta-phase .  
biulticomponent A l l o y s  
Ti-11.5Wo-6Zr-4.5Sn ( o f t e n  called Beta 111) i s  a compound free alloy 
c o n v e n t i o n a l l y  h e a t  t r e a t e d  i n  the (a+B) r e g i o n .  The e f f e c t  of aging 
t e m p e r a t u r e  on K 1SCC is shown i n  Fig. 9 and i t  i s  a p p a r e n t  t h a t  ag ing  a t  o r  
below l,OOO°F i n  t h e  (a+@)-phase f i e l d  r e s u l t s  i n  a very s u s c e p t i b l e  c o n d i t i o n  
(21,22). Minimum KISCC v a l u e s  o f  1 4  t o  25 k s i  &. were e x h i b i t e d  i n  0.6M 
KC1 u n d e r  c o n d i t i o n s  o f  a p p l i e d  p o t e n t i a l .  The k i n e t i c s  of c r a c k i n g  i n  
Beta 111 are also shown i n  Fig. 9 f o r  s e v e r a l  aging t empera tu res  ; w e l l -  
developed reg ion  I1 p l a t e a u s  and evidence of r e g i o n  I11 behav ior  are a p p a r e n t  
f o r  t h e  900°F and l,OOO°F ag ing  t r e a t m e n t s .  Note t h a t  a f a s t e r  reg ion  P I  
v e l o c i t y  occurs i n  specimens aged a t  l , lSO°F t h a n  i n  specimens aged a t  1,00O0F. 
With t h i s  excep t ion ,  r e g i o n  I1 v e l o c i t y  i n c r e a s e s  w i t h  d e c r e a s i n g  ag ing  
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Fig. 9 Crack velocity (V) vs stress intensity (K) r e l a t i o n s h i p s  f o r  
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t empera tu re .  The i n f l u e n c e  of a g i n g  rime a t  900°F i s  shown i n  F ig .  10 ,  and 
n o t i n g  that t h e  Beta 111 is immune t o  SCC i n  t h e  s i n g l e  beta-phase 
c o n d i t i o n ,  two major points can be made. F i r s t ,  specimens aged f o r  8 h r  
are r e l a t i v e l y  b r i t t l e  showing a K 1 ~  = 50 ksi 1 G .  and a %SCC = 40 ksi G., 
and these v a l u e s  were  independent  of c o o l i n g  r a t e  from t h e  ag ing  t empera tu re .  
Second, ag ing  t imes  o f  40 h r  does  n o t  change 
K l ~  and d r a s t i c a l l y  r educe  
~ S C C  t o  v a l u e s  -15 k s i  6. Further a g i n g  t o  100 h r  does no t  change 
K 1 ~ ~ ~  , b u t  a l a r g e  i n c r e a s e  i n  c r a c k  v e l o c i t y  is o b s e r v e d .  ( I n  all c a s e s  the  
f a i l u r e  mode was i n t e r g r a n u l a r ) .  
A s m a l l e r  amount of  d a t a  i s  a v a i l a b l e  for  Ti-8510-8V-3A1-2Fe t han  f o r  
Beta 111; however, i t  a p p e a r s  t h a t  s i m i l a r  t r e n d s  are obse rved .  I n  F i g .  11, 
V versus K r e l a t i o n s h i p s  are shown f o r  two a g i n g  t r e a t m e n t s  o f  Ti-8i<o-8V-3Al-ZFe. 
It can be seen t h a t  a g i n g  a t  850QF r e s u l t s  i n  lower Kl scc values  and f a s t e r  
v e l o c i t i e s  than a g i n g  a t  l,OOO°F, and t h a t  t h e  r e g i o n  FI p l a t e a u  behav io r  is 
less w e l l  pronounced than  i n  t h e  Beta 111 a l l o y  (shown i n  F i g s .  9 and 1 0 ) .  
F r a c t u r e  i n  Ti-8Mo-8V-3A1-2Fe i s  a l s o  i n t e r g r a n u l a r .  
In c o n t r a s t  t o  t h e  SCC behav io r  o f  t h e  a l l o y s  Ti-ll.5FIo-6Zr-4.5Sn (Beta 111) 
and Ti-8?10-8V-3A1-2Fe d e s c r i b e d  above, Ti-13V-11Cr-3A1 i s  s u s c e p t i b l e  t o  
SCC i n  the  s i n g l e  beta-phase  c o n d i t i o n .  V versus K r e l a t i o n s h i p s  f o r  
Ti-13V-11Cr-3AI aged f o r  v a r i o u s  times a t  590°C a r e  shown i n  F i g .  1 2 .  It can 
be s e e n  t h a t ,  w i t h  i n c r e a s i n g  ag ing  !ine, d r a m a t i c  r e d u c t i o n s  i n  b o t h  K and 1 C 
the r a t i o  K l s C C / K 1 ~  a r e  e x h i b i t e d .  Aging a l s o  changes t h e  shape of the V 
v e r s u s  K c u r v e s ,  which consist mainly of r e g i o n  I1 and 111. 
Pig. 10 Crack ve loc i ty  (V) vs stress i n t e n s i t y  (K) relationships f o r  
Ti-11.5~0-6Zr-4.5Sn aged at 900°F for several times and t e s t e d  
0 
Ti-1 1.5Mu-6Zr-4.5Sn 
STA, 480' C 
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Fig. 11 Craclc ve loc i ty  (V) vs stress i n t e n s i t y  (K) relationships f o r  
d i f f ~ r e n t  aging treatments of  Ti-8Mo-8V-3A1-2Fe t e s t e d  i n  

3.5 Concen t ra t ion  of  TiCl i n  Crack 3 
I n  Q u a r t e r l y  Report /I9 (11) i t  was shown that most of the  anod ic  
c u r r e n t  t o  f r e s h l y  g e n e r a t e d  e i t an ium s u r f a c e s  goes t o  form T'i3+ and a 
s m a l l  p a r t  g x s  t o  form the p a s s i v a t i n g  f i l m .  X purpose he re  i s  t o  e x p l o r e  
what c o n c e n t r a t i o n  of ~i~~ n i g h t  be  expec ted  i n  a s t r e s s  c o r r o s i o n  c r a c k  
on t h e  b a s i s  of t h e  kinetics experiments f o r  f r e s h l y  genera ted  s u r f a c e s .  
Rather t h a n  a comple te ly  rigorous s o l u t i o n ,  w!:ich does  n o t  a p p e a r  
justified a t  this rime due to u n c e r t a i n t y  i n  chemis t ry  and v a l u e s  of 
p h y s i c a l  p r o p e r t i e s ,  two l i m i t i n g  c a s e s  of mass t r a n s p o r t  i n  absence of 
convec t ion  w i l l  be c o n s i d e r e d .  T11c f i r s t  i s  mass t r a n s p o r t  of  ~ i ~ +  io7.is 
o u t  of t h e  c r a c k  w i t h  an excess of  s u p p o r t i n g  e l e c t r o l y t e ,  e . g . ,  HCI i n  
the  crack.  For t h i s  case  we need only  consider  tile d i f f u s i o n  term i n  t h e  
t r a n s p o r t  equation as t h e r e  is n e g l i g i b l e  p o t e n t i a l  d rop .  
In the second l i m i t i n g  c a s e  of t r a n s p o r t  of T.i3+ through TiCl ( f l u x  of 3 
h a l i d e  ion  is z e r o )  s o l u t i o n ,  e l e c t r o l y t i c  m i g r a t i o n  a s s i s t s  d i f f u s i o n  and it 
can be shown (Appendix I) that: 
Values f o r  t h e  f l u x  between these two l i m i t s  might be expec ted  i n  a crack 
i n  which there i s  some suppor t ing  electrolyte (NCT) p r e s e n t .  
Tne crack i s  d i v i d e d  into two r e g i o n s  as p r ev ious ly  ( 2 3 ) :  an o u t e r  
region o r  m u l t i l a y e r  zone a t  6 < y  < .e i n  which the oxide film grows; 
T 
and an inner r eg ion  a t  6 < y < 6 in which the  main r eac t ion  is d i s s o l u t i o  
of T.i3' at t h e  walls accompanied by growth of  the first monolayer of oxide. 
3+ I n  the o u t e r  r eg ion  in w h i c l ~  the mass rate of Ti is assumed cons tant ,  t h e  
c o n c e n t r a t i o n  of ~1~' can b e  shown (Appendix I I A )  f o r  ease I above ro be: 
The corresponding concentrat ion f o r  case I1 above S.s 
In the inner  r e g i o n  a t  which E3' is assumed to be generated st an average 
f lux  on the walls of 
the equation f o r  case I (Appsndix TIB) i s :  
V a l u e s  of Q, the amount of cha rge  f lowing  t o  a  newly g e n e r a t e d  t i t a n i u m  
s u r f a c e  i n t e g r a t e d  from a c u r r e n t  d e n s i t y  - t i m e  p l o t  (e.g., F i g .  2 6 ,  Ref .  ll), 
are p l o t t e d  as a f u n c t i o n  of  p o t e n t i a l  i n  F i g . 1 3 .  T h i s  i s  c o n s i d e r e d  t o  be  
a r e a s o n a b l e  measure  of the amount of ~ i ~ *  formed a t  t h e  wal ls  i n  a  crack. 
- 
The p o t e n t i a l  a t  tl:e c r a c k  t i p  wi.11 b e  assumed t h e  same as t h e  a p p l i e d  
p o t e n t i a l  as we h a v e  been unab le  t o  account  f o r  a large p o t e n t i a l  d rop  i n  t h e  
electrolyte i n  a crack y e t  by t h e  MTK model ( 2 3 ) .  V e l o c i t y  w i l l  be assumed 
t o  vary w i t h  p o t e n t i a l  for d u p l e x  annea led  Ti:8-1-1 as r e p o r t e d  i n  F i g .  21,  
Xef . i . Values of Q and V f o r  f o u r  p o t e n t i a l s  and v a l u e s  of  the  o t h e r  
p a r a m e t e r s  c o n s i s t e n t  w i t h  p r e v i o u s  c a l c u l a t i o n s  (23) are g iven  i n  Table 1. 
P l o t s  of c a n c e n t r a t i o n  of R3' a s  a f u n c t i o n  of p o s i t i o n  i n  a c r a c k  f o r  
e q u a t i o n s  3 and 4 and t h e  above parameter  v a l u e s  are given i n  F i g .  14a  and b 
r e s p e c t i v e l y .  The lower  l i m i t  f o r  e q u a t i o n s  3 and 4 i s  c o n s i d e r e d  t o  be 
where  T i s  the t i m e  t o  form a  monolayer of o x i d e  o r  abou t  2 m i l l i s e c o n d s  e 
F i g .  2 R e .  1). Equation 6 was used a t  smaller values of y .  The s a t u r a -  
t i o n  c o n c e n t r a t i o n  of T i c 1  i s  n o t  knoim b u t  T i c 1  i s  ex t remely  s o l u b l e  and i t  3 3 
i s  assumed f o r  the rnoment t o  be abou t  4 molar as shorm. It would appear  from 
t h e s e  assumpt ions  and c a l c u l a t i o n s  that the c o n c e n t r a t i o n  of T i c 1  i n  t h e  t i p  3 
region may reach  s a t u r a t i o n  a t  an a p p l i ~ d  p o t e n t i a l  between -400 and i-100 mV. 
COMMERCIALLY PURE Ti 
3M HCI 
Fig. 13 Amount o f  charge f lowing  t o  newly generated titanium 
surface in f i rs t  f i v e  millis~conds 
Table 1. Values of Parameters Used in 
Equations 3, 4, 5, 6 ,  and 7 
Y = 0 . 0 5  radians  
T e = 2 x sec 
gT = cm 
0 (mv) Q ( c o u ~ / c ~ ~ )  V(cm/sec> 5 (cm) 
(Pig. 13 ) (Fig. 21, Ref. 1 ) ( E q .  8) 
0 6.5 x 17 x 34 x lo-6 
-300 4.2 x 11 22 x lo-6 
-500 2 .6  x l o a 3  8 16 x 
-TOO l . O  4 8 x 
a) Case I - excess supporting e l e c t r o l y t e  
lo-5 I o - ~  I o - ~  
Y Icm) 
b) Case 11 - T i c 1  s o l u t i o n  3 
Fig. 14 Calculated concent ra t ion  o f   TI^' i n  e l e c t r o l y t e  i n  crack 
1Jhen s a t u r a t i o n  i s  reached i n  a  c r a c k ,  p r e c i p i t a t i o n  of Tic1 .c?ould be 3 
e x p e c t e d .  The most p r o b a b l e  l o c a t i o n  of the p r e c i p i t a t e  would be t h e  
surface of the  meta l  where d i s s o l u t i o n  occurs  because  t h e  h ighes t  c o n c e n t r a t i o n  
o c c u r s  t h e r e  and the s o l i d  s u r f a c e  c a n  p rov ide  n u c l e a t i o n  sites. Indeed,  
Cooper,  Muller and Tobias  (24)  observed format ion of s u r f a c e  s a l t  f i l m s  
d u r i n g  d i . s so lu t ion  o f  copper  a t  h igh  c u r r e n t  d e n s i t i e s .  Salt f i l m s  have 
a high r e s i s t a n c e  and could  account  f o r  t h e  h igh  potential drops  i n  cracks 
that have so  f a r  been unaccountab le  by t h e  MTK model ( 2 3 ) .  
The formation o f  a  s a l t  f i l m  i n  t h e  t i p  zone of a crack could p lay  
such an important r o l e  i n  SCC t h a t  a more r i g o r o u s  i n v e s t i g a t i o n  of whether 
i t  forms should be made. Some o f  the p o s s i b l e  consequences of a s a l t  film 
i n  the tip zone a r e :  
S h i f t  mixed p o t e n t i a l  i n  n o b l e  d i r e c t i o n  as i n d i c a t e d  by i n i t i a l  
open-c i rcu i t  p o t e n t i a l  ( 7 ) .  
S a l t  f i l m  may inhibit corrosion and preven t  b l u n t i n g  of craclc t i p .  
Onset of r e g i o n  I1 crack growth may be r e l a t e d  t o  fo rmat ion  of 
salt  f i l m .  
m Solution i n  t i p  zone may become s a t u r a t e d  w i t h  s a l t s  of o t h e r  metals 
p r e s e n t  i n  a l l o y .  
a Strength of salt f i l m  may p l a y  a r o l e  i n  SCC s u s c e p t i b i l i t y  as r e l a t e d  
t o  an ions .  
I n  o r d e r  t o  r e s o l v e  t h e  q u e s t i o n  of whether s a l t  films of Tic1 form 3 
i n  a stress cor ros ion  c r a c k  and c o u l d  account f o r  t h e  h i g h  p o t e n t i a l  drops  
r e q u i r e d ,  more d a t a  are r e q u i r e d :  
Chemistry of concentrated Tic1 - HC1 solutions. 3 
S o l u b i l i t y  of TiC13 .  
Transport properties in concentrated Tic1 - HC1 solutions. 3 
Kinetics of formation of Tic1 film. 3 
Kinetics of replacement of T i c 1  film by T i 0  film. 3 2 
-f 
Kinetics of H discharge on TiCl film. 3 
Conductivity of Tic1 film. 3 
Determination of crack angle. 
Direct chemical determination of t lzc concei~tration o f  via the Brown 
freezing technique (25) might be attempted, although F i g . 1 4  indicates Lhat 
very high resolution of concentration as a function of position is require 
3 . 6  Analysis  f o r  Ch lor ine  i n  Ti tanium 
A q u e s t i o n  h a s  ex is ted  f o r  some t ime  whether  SCC of  t i t a n i u m  i n  
d i s t i l l e d  water and i n  pure  methanol i s  due  t o  t h e  s m a l l  amount of r e s i d u a l  
c h l o r i n e  i n  t h e  meta l  t h a t  i s  l e a c h e d  o u t  i n t o  the  s o l u t i o n  i n  t h e  crack ( 4 ) .  
One of  t h e  r e a s o n s  f o r  t h i n k i n g  t h i s  is t h a t  t e n s  o r  hundreds of p a r t s  per  
m i l l i o n  of n i t r a t e  o r  s u l f a t e  i n  t h e s e  s o l v e n t s  i s  s u f f i c i e n t  f o r  i n h i b i t i o n  
of SCC i n  some c a s e s  ( 4 ) .  Another r e a s o n  i s  t h a t  v e l o c i t y  i n  methanol was 
observed t o  increase  w i t h  c r a c k  l e n g t h  i n  a SEX specimen as  i n d i c a t e d  i n  
F i g .  15. With a n o t h e r  specimen,  a d d i t i o n  of 500 ppm NaCl t o  tht? n e t h a n o l  
gave a h i g h e r  i n i t i a l  v e l o c i t y  folloi.red by a s i m i l a r  r a t e  of increase of  
v e l o c i t y  wi th  crack l e n g t h .  
A proof o f  r e s i d u a l  c h l o r i n e  i n  t h e  m e t a l  c a u s i n g  SCC i n  these pure 
s o l v e n t s  would b e  t o  de te rmine  i f  t h e  r a t e  of i n c r e a s e  of v e l o c i t y  w i t h  d i s t a n c e  
is  p r o p o r t i o n a l  t o  t h e  c o n c e n t r a t i o n  of r e s i d u a l  c h l o r i n e .  This proof  h i n g e s  
upon a n  a c c u r ~ ; e  m e t h ~ d  of c h l o r i n e  a n a l y s i s  a t  p a r t s  p e r  m i l l i o n  l e v e l s  i n  
t h e  m e t a l .  It appears now t h a t  development of such a n  a n a l y s i s  would i n v o l v e  
c o n s i d e r a b l e  e f f o r t  and be  o u t s i d e  qf the scope of t h e  F r e s e n t  i n v e s t i g a t i o n .  
Accordingly  t h i s  ite1i:wil.l  be d r o p p e d  from immediate f u t u r e  work p l a n s .  
0.5 1 .O 
LENGTH OF CRACK (cml 
F ig .  15 Crack propagation ve loc i ty  in pure methanol and methanol + 
500 ppm N a C 1 .  
4 . 0  CONCLUSIONS 
1 
1. SCC v e l o c i t y  i n  Ti-11.5Mo-6Zr-4.5Sn v a r i e s  as ? to C' for  h igh  
c o n c e n t r a t i o n  of c h l o r i d e  b u t  t he  l e v e l  i s  a f u n c t f o n  of h e a t  t r e a t m e n t .  
2 .  SCC v e l o c i t y  v a r i e s  approximately  l i n e a r l y  with p o t e n t i a l  i n  Ti-Blln, 
Ti-13V-11Cr-3A1 and Ti-11.5No-GZr-4.5511 as w e l l  as Ti-8A1-1V-1Mo i n  aqueous 
h a l i d e  s o l u t i o n s .  
3 .  A maximum i n  susceptibility i n  c h l o r i d e  s o l u t i o n s  occurs  f o r  t h e s e  
alloys a t  about -500 mV (SCE) as e a r l i e r  observed f o r  Ti-8-1-1. 
4 
4 .  SCC v e l o c i t y  i n  Ti-8-1-1 v a r i e s  as d' t o  C f o r  high c o n c e n t r a t i o n s  
of c h l o r i d e  i n  methanol .  
5 .  SCC v e l o c i t y  i n  Ti-8-1-1 v a r i e s  approximately  l i n e a r l y  w i t h  p o t e n t i a l  
up t o  t h e  p i t t i n g  potential i n  c h l o r i d e  s o l u t i o n  i n  methanol .  
6 .  7 Z C  v e l o c i t y  i n  C C 1  i s  n o t  in f luenced  by wate r  a d d i t i o n s ,  whereas 4 
addition of w a t e r  t o  C H Z C l 2  d e c r e a s e s  SCC v e l o c i t y  by about  a factor of 1 0 .  
7. S a t u r a t i o n  of the  s o l u t i o n  i n  t h e  t i p  zone of a c r a c k  by T i c 1  may occur  4 
at anodic a p p l i e d  po ten t ia l s .  More a c c u r a t e  p h y s i c a l  and chemical  d a t a  are 
r e q u i r e d  t o  d e f i n e  more e x a c t l y  the  c o n d i t i o n s  a t  which t h i s  w i l l  occur.  
5.0 FUTURE WORK 
The foliowing items o£ work are planned for the immediat.3 future: 
1. Conduct further SCC s t u d i e s  i n  molter! s a l t s .  
2. Conduct further studies cn initiation and ~ropagation processes in 
very large grained specimens of Ti:lOAl, Ti:8Mn, Ti:13VlICr3Al. 
3. Study s u s c e p t i b i l i t y  to SCC of Ti:Cu, Ti:Ai-Si, Ti:V, Ti:16Mn, and 
Ti:Sn alloys in various solutions. 
4. Obtain c1:ernical and physical property data for concentrated TiCl - HC1 3 
solutions. 
5. Conduct more quantitative electrochemical kinetic studies with a wide r  
range of halide concentrations and potentials for titanium and aluminum. 
6 .  Include parallel soluble titanium ion formation in ass-transport- 
kine ti 2 model. 
7. Focus artenti03 conceptually and e x p e r i m e n t a l l y  on evenLs at the crack t i p .  
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APPENDIX 
I. limiting Cases for Mass Transpor t  of ~i~~ 2rom Surface Where 
it is Fcrmed, 
Assume stagnant d i f fu s io r  .:., 
Flux  for a given ionic sper..  . .  i~:. 
Case I .  E3' in excess o f  H C 1 .  Potential grad i en t  is n e g l i g i b l e .  
Case 11. in T i c 1  s o l u t i o n .  3 
- dC+ D C -  d @
jf- - -D+ dx - =+ + + dx 
dC- 
=-J-J - -  j- d9 0 - ax Z- D- C- dx = 
IT. Concentrat ion of T i c 1  i n  Crack 3 
Active d i s s o l u t i o n  of t i tanium would occur  i n  the t i p  zone and 
, - 
monolayer zone of the crack. D i s s o l u t i o n  will b e  assumed n e g l i g i ~ l e  i n  
t he  o u t e r ,  multilayer zone. The l i m i t i n g  case of mass t r a n s p o r t  with e x c e s s  
suppor t l ing  e l .ec t ro ly te  w i l l  b e  examined. 
A. Outer Region: 6 6 y 4 L 
3-1- Mass r a t e  of T i  i s  constant.  
dc+ 
j+ ' -D+ f i  ( m i g r a t i o n  n e g l e c t e d  w i t h  excess 
suppor t ing  electrolyte) 
Combining 1 and 2 ,  
Integrating, 
Boundary cond i t i on  C+ = 0 @ y = l?. g ives ,  
B. Inner Region: hT < y < d 
Assume constant d i s s o l u t i o n  flux a t  w a l l s .  
Combining 1 and 4 ,  
S o l u t i o n  of 5 is, 
Boundary conditions , 
Give 
